Spermatogonial stem cells (SSCs) are the only stem cells in the body with germline potential, which makes them an attractive target for germline modification. We previously showed the feasibility of homologous recombination in mouse SSCs and produced knockout (KO) mice by exploiting germline stem (GS) cells, i.e., cultured spermatogonia with SSC activity. In this study, we report the successful homologous recombination in rat GS cells, which can be readily established by their ability to form germ cell colonies on culture plates whose surfaces are hydrophilic and neutrally charged and thus limit somatic cell binding. We established a drug selection protocol for GS cells under hypoxic conditions. The frequency of the homologous recombination of the Ocln gene was 4.2% (2 out of 48 clones). However, these GS cell lines failed to produce offspring following xenogeneic transplantation into mouse testes and microinsemination, suggesting that long-term culture and drug selection have a negative effect on GS cells. Nevertheless, our results demonstrate the feasibility of gene targeting in rat GS cells and pave the way toward the generation of KO rats.
INTRODUCTION
Techniques that produce knockout (KO) animals have been established by using embryonic stem (ES) cells. The application of ES cell-based technology to a wide range of animals, however, is limited due to a lack of germlinecompetent ES cells in many animal species [1] . As laboratory mice do not serve as adequate models, particularly for physiology and complex disease and pharmacological studies, attempts have been made to extend KO technologies to a wider range of animal species [2] . For example, recent studies showed the advantage of using three inhibitors for glycogen synthase kinase 3 beta, mitogen-activated protein kinase kinase, and fibroblast growth factor (FGF) receptor in the derivation of germline-competent rat ES cells [3] [4] [5] . Spermatogonial stem cells (SSCs) provide the foundation of spermatogenesis throughout the life cycle of male animals. While there are only a few of these cells in the testes (0.02%-0.03% of total germ cells) [6, 7] , they produce a vast amount of sperm through self-renewal and differentiation. In 1994, the spermatogonial transplantation technique was developed in which SSCs recolonize the niche and proliferate to differentiate into sperm when injected into the seminiferous tubule of testes [8] . Offspring can be produced from donor-derived SSCs [9] . Although it has been shown that SSCs rarely acquire pluripotency [10] , SSCs are normally unipotent and are specialized for sperm production. However, because SSCs can proliferate indefinitely by self-renewal and can transmit genetic information to the next generation via sperm, the spermatogonial transplantation technique opened up a new avenue for germline modification.
In 2003, we established a long-term culture of mouse SSCs that were designated germline stem (GS) cells [11] . In the presence of the glial cell line-derived neurotrophic factor (GDNF), a self-renewal factor of SSCs [12] , germ cell colonies of unique shape were derived from dissociated testes cells in vitro. Mouse GS cells continued to proliferate without losing their normal karyotype and genomic imprinting patterns. Moreover, GS cells possess a very stable germline potential and produce normal, fertile offspring even after 2 yr of culture [13] . In contrast, ES cells often lose germline potential during long-term culture and accumulate changes in karyotype and DNA methylation patterns [14, 15] . GS cells can be cultured under serum-and feeder-free conditions and can be genetically manipulated [16, 17] . We produced transgenic and KO mice through genetic transduction and drug selection [18] . The frequency of homologous recombination was 1.7% in mouse GS cells, which was comparable to that achieved in ES cells. Thus, SSCs have the potential to serve as an alternative to ES cells in germline modification.
The rat has been used as an animal model for medical research for over 150 yr and has advantages over mice in several areas, particularly for physiological and pharmacological studies [2] . Methods to manipulate rat SSCs have now been developed, and recent studies have shown that xenogeneic transplantation of rat SSCs in immunodeficient nude mice not only allowed spermatogenesis but also resulted in rat offspring production following microinsemination [19] . Transgenic rats were also produced by transducing SSCs in vitro and transplanting them into mouse or rat testes [20, 21] . Furthermore, long-term culture of rat SSCs has been established and used for generating KO rats by transposon mutagenesis [22] [23] [24] . However, unlike SSCs in vivo, rat GS cells proliferate more slowly than those of mice, and the overall efficiencies of the in vitro culture and transplantation technique are still limited. In this study, we report a simple method for deriving rat GS cells and also demonstrate homologous recombination in rat GS cells.
MATERIALS AND METHODS

Animals and GS Cell Culture
GS cells were established using two transgenic rat lines, TgN(act-EGFP)Osb4, Sprague-Dawley (SD) background (a gift from Dr. M. Okabe, Osaka University, Japan) or Tg(CAG-Venus) rats (Wistar background). The spermatogonia, spermatocytes, and round spermatids of these transgenic rats express the enhanced green fluorescent protein (EGFP) or green fluorescent protein Venus, respectively. In some experiments, TgN(act-EGFP)Osb4 rats were mated with wild-type (wt) rats of Wistar, Donryu, Brown Norway (BN), or Lewis background to derive F1 offspring (Japan SLC, Hamamatsu, Shizuoka, Japan).
To derive GS cells, testis cells were dissociated by using a two-step enzymatic digestion using collagenase type IV and trypsin (both from Sigma, St. Louis, MO), as previously described [11] . Dissociated cells were plated on a low-cell-binding dish (Nalge Nunc International KK, Tokyo, Japan) at a density of 10 6 cells/9.6 cm 2 . After being incubated for 7 to 10 days, the floating cells were removed by aspiration, and the plates were washed with fresh medium to recover adherent cells. The cells were then transferred to plates coated with laminin (20 lg/ml; BD Biosciences, Bedford, MA) at a concentration of 3 3 10 3 to 1 3 10 4 cells/cm 2 . After testicular somatic cells were eliminated, the cells were maintained on laminin or mouse embryonic fibroblasts (MEFs) and were passaged every 5-7 days by incubation with Accutase (Sigma) for 10 min.
The culture medium consisted of StemPro-34 SFM (Invitrogen, Carlsbad, CA), 25 lg/ml insulin (Nacalai Tesque Inc., Kyoto, Japan), 100 lg/ml transferrin, 60 lM putrescine, 30 nM sodium selenite, 6 mg/ml D-(þ)-glucose, 30 lg/ml pyruvic acid, 1 ll/ml DL-lactic acid, 2 mM L-glutamine, 5 3 10 À5 M 2-mercaptoethanol, 10 À4 M ascorbic acid, 10 lg/ml D-biotin, 30 ng/ml bestradiol, 60 ng/ml progesterone, 3 lg/ml heparin (all from Sigma), MEM vitamin solution, MEM nonessential amino acids solution (both from Invitrogen), 20 ng/ml mouse epidermal growth factor (BD Biosciences), 10 ng/ml human FGF2, 10 ng/ml mouse FGF9, 15 ng/ml recombinant rat GDNF (all from Peprotech Inc., Rocky Hill, NJ), and 10 3 units/ml ESGRO (murine leukemia inhibitory factor; Millipore, Billerica, MA). After cells were transferred from the low-cell-binding plate, the medium was supplemented with 0.06% fetal bovine serum (Hyclone Laboratories, Inc., Logan, UT) and vitamin A-deficient B27 (Invitrogen). At approximately 1 mo after the culture was initiated, ESGRO was removed, and the serum concentration was increased to 0.2%. For culturing on MEFs, bovine serum albumin (MP Biomedicals Inc., Irvine, CA) was added at a concentration of 5 mg/ml, and the concentration levels of FGF2, FGF9, and GDNF were increased to 50, 30, and 45 ng/ml, respectively.
Flow Cytometry
The primary antibodies used were biotin-conjugated anti-rat/mouse CD90.1 (HIS51; eBioscience, San Diego, CA), purified mouse anti-rat CD9 (RPM.7), biotin-conjugated hamster anti-rat CD29 (Ha2/5; both from BD Biosciences), and mouse anti-rat GFRA1 (81401; R&D Systems, Minneapolis, MN). Allophycocyanin-conjugated goat anti-mouse immunoglobulin G (BD Biosciences), and allophycocyanin-conjugated streptavidin (eBioscience) were used to detect the primary antibodies. Stained cells were analyzed by using a FACSCalibur unit (BD Biosciences).
Transfection of GS Cells
GS cells, which were cultured for 2-5 mo (5-20 passages) after the initiation of culture, were used for transfection. For retroviral transfection, GS cells were infected with ROSAbetageo retrovirus (a gift from Dr. P. Soriano, Fred Hutchinson Cancer Center) [25] . Virus particles were produced by transient transfection of Plat-E cells with ROSAbetageo and pCMV-vesicular stomatitis virus glycoprotein plasmids as described previously [18, 26] . The titer of the virus supernatant was determined by using a Retro-X quantitative RT-PCR (qRT-PCR) titration kit (Clontech, Mountain View, CA). The infection of GS cells with the retrovirus was performed as described previously [27] . In brief, 1 3 10 5 GS cells were suspended in 0.8 ml of virus supernatant (0.8 ml in a 12-well plate) in the presence of 10 lg/ml polybrene (Sigma) and plated on MEFs. The plate was then centrifuged at 3000 3 g for 1 h at 328C. The plate was incubated overnight, and the cells were passaged on the next day after infection. The final titer of the retrovirus concentrate was adjusted to 2.9 3 10 6 colony-forming units (cfu) per milliliter. In experiments carried out under normoxic conditions, GS cells were transduced at 9.1 3 10 7 cfu/ml. Plasmid DNAs were electroporated into GS cells using cell line Nucleofector kit T (Lonza, Münster, Germany) according to the manufacturer's instructions. Briefly, 4 3 10 6 GS cells were suspended in 100 ll of Nucleofector solution T mixed with 5 lg of DNA and subjected to electroporation using program A-23. For homologous recombination, a gene targeting vector was constructed with the use of pNT1.1 containing the Neo and thymidine kinase genes [28] . A 2.8-kb NotI-XhoI fragment and a 6.5-kb KpnIXbaI fragment of the Ocln gene were inserted as short and long arms, respectively. In some experiments, the vector was linearized by NotI digestion.
After electroporation, cells were split into 3 wells of a 12-well culture plate that had been plated with G418-resistant MEFs. Genetic selection was carried out with 40 lg/ml G418 (Invitrogen) [17] . After incubation with G418 for approximately 2-3 wk, the contents of each well were passaged at a 1:1 ratio in a well of a fresh 12-well culture plate. As the growth of GS cells was density dependent [17] , 1 3 10 5 nontransfected wt GS cells were added two to three times to each well at passage. It generally took 3-4 mo to establish G418-resistant clones. A negative selection marker (tk) was not used in these experiments. To enhance the efficiency of genetic selection, the cells were cultured in 5% O 2 in some experiments. Colonies resistant to G418 were screened by PCR, using the specific primers listed in Supplemental Table S1 (available online at www.biolreprod.org). The selected cells were cryopreserved in a cryopreservation solution (Cellbanker; Dia-Iatron, Tokyo, Japan), using previously described procedures [29] .
Southern Blot Analyses
Positive clones were confirmed by Southern blot analysis using EcoRV digestion and hybridization with a 344-bp probe derived from intron 1, which was produced by PCR amplification using the specific primers listed in Supplemental Table S1 .
Transplantation Procedure
GS cells were microinjected into the seminiferous tubules of KSN nude mice (Japan SLC, Inc., Shizuoka, Japan) that were treated with 44 mg/kg busulfan at 4 wk of age. Busulfan-treated mice received transplants of syngeneic bone marrow cells 2-4 days after treatment to avoid bone marrow suppression. These animals were used for germ cell transplantation at least 4 wk after busulfan treatment. A single-cell suspension containing approximately 4 3 10 4 to 8 3 10 4 cells (for counting colonies) or 10 6 cells (for microinsemination) was introduced into the seminiferous tubules via the efferent duct. Each injection filled 75%-85% of the total tubules. The Institutional Animal Care and Use Committee of Kyoto University approved all of the animal experimentation protocols.
Analysis of the Recipient Testes
To quantify germ cell colonies, we recovered recipient testes 3 mo after transplantation and exposed them to ultraviolet (UV) light. The donor cellderived fluorescence was observed under a stereomicroscope. The donor cell clusters were defined as colonies when they occupied the entire basal surface of the tubule and were at least 0.1 mm in length.
For histological analysis of the testes, testis samples were collected and fixed in 2% paraformaldehyde. The sample was then embedded in Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo, Japan) for cryosectioning. Meiosis was detected by immunofluorescence, using rabbit antisynaptonemal complex protein 3 (SYCP3) antibodies, which were prepared by using a synthetic oligopeptide (a gift from Dr. S. Chuma, Kyoto University, Japan) [30] . Alexa 568-conjugated goat anti-rabbit immunoglobulin was used as a secondary antibody (Invitrogen). Sections were counterstained with Hoechst 33342 dye (Sigma). Images of the sections were obtained using a confocal microscope (Fluoview FV1000D; Olympus, Tokyo, Japan).
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Combined Bisulfite Restriction Analysis (COBRA)
Genomic DNA was treated with sodium bisulfite, which deaminates unmethylated cytosines to uracils but does not affect 5-methylated cytosines. With this template, differentially methylated regions (DMRs) of the indicated genes were amplified by PCR with the specific primers listed in Supplemental  Table S1 . The PCR products were digested with the indicated restriction enzymes, which recognize sequences containing cytosine-phosphate-guanine in the original unconverted DNA. The intensity of the digested bands was quantified using Image Gauge software (Fuji Photo Film, Tokyo, Japan).
Microinsemination
Spermatogenic cells were collected from the recipient testes by repeated pipetting of the seminiferous tubule segments that showed EGFP or Venus fluorescence. Microinsemination was performed as described previously, using round spermatids [19] . The constructed embryos were cultured for 24 h and transferred into the oviducts of pseudopregnant Wistar rats. Offspring were recovered by cesarean section at 21 days after transfer.
Karyotype Analysis
Cultured cells were harvested, treated with 75 mM KCl for 15 min, and fixed with a methanol-acetic acid (3:1) solution. Metaphase spreads were prepared using standard procedures, and the slides were stained with Hoechst 33258 dye (Sigma).
Statistical Analysis
The results are presented as means 6 SEM. Data were analyzed using a Student t-test for independent samples with equal variance.
RESULTS
Derivation of Rat GS Cells by Selection with a Low-CellBinding Plate
To establish rat GS cells, testis cells from 12-to 18-day-old TgN(act-EGFP)Osb4 rats were dissociated with enzymatic digestion. Given that the culture medium for mouse GS cells induces overgrowth of somatic cells and inhibits germ cell growth, we modified the culture medium by reducing the serum concentration and supplementing it with FGF9, which has beneficial effects on primordial germ cells and spermatogonia [31, 32] . We also employed a low-cell-binding plate to reduce the attachment of somatic cells. Under these conditions, spermatogonia preferentially attached to the plate, whereas most somatic cells floated in the medium (Fig. 1A) . After 6-8 days of culture, spermatogonia clumps were dissociated with gentle pipetting and transferred to a laminin-coated culture plate. The cells then started to form chain-type colonies (Fig.  1B ) and could be easily distinguished from somatic cells, which showed a larger, fibroblast-like appearance. In contrast, germ cells plated after gelatin selection could not produce colonies due to somatic cell overgrowth (Fig. 1C) . Whereas somatic cells stopped proliferating during repeated passages, germ cells continued to proliferate on laminin-coated plates. Approximately 1 mo after culture was initiated, these colonies consisted entirely of germ cells (Fig. 1D, left) . Flow cytometric analysis confirmed that the cultured cells expressed several SSC markers, including ITGB1, CD9, and THY1 (formerly CD90) (Fig. 1E) . The cells also expressed GFRA1, but its expression level was variable, indicating that they are a heterogeneous population. Established GS cells proliferated constantly for a long term, and the total cell number increased 2.6 3 10 55 -fold over 822 days (between 100 and 922 days) (Fig. 1F) .
Stem cell activities of cultured cells were assessed by spermatogonial transplantation. Because rat SSCs reinitiate spermatogenesis and produce offspring following transplantation into xenogeneic mouse testes [19] , we used immunodeficient nude mice as recipients. Two independent cultures were maintained and injected into the seminiferous tubules of busulfan-treated nude mice. Three months after transplantation, the testes were examined for the presence of EGFP-expressing germ cell colonies under UV fluorescence. While culture 1 showed 2.2 3 10 55 -fold increase in the number of SSC cells over 822 days of culture (between 100 and 922 days), SSCs in culture 2 showed 6.1 3 10 11 -fold expansion after 222 days (between 116 and 338 days; Table 1 ). Colonization efficiencies did not change significantly during the experimental period. The cells maintained in vitro for 116 or 443 days produced offspring resulting from microinsemination using round spermatids in the recipient testes.
Genetic Selection of Rat GS Cells
Next, we examined conditions for genetic selection. GS cells established from TgN(act-EGFP)Osb4 or Tg(CAG-Venus) rats were transduced with the retrovirus vector ROSAbetageo, which expresses beta-galactosidase and becomes G418-resistant under the promoter of trapped genes [25] . Transduced cells were cultured on laminin, and G418 was added to the culture at 10 days after infection. Although LacZ staining confirmed the transduction of GS cells, we could not establish GS cell transfectants with G418 selection under those culture conditions.
Then we selected G418-resistant cells using the MEF feeder. Although GS cells form flat chain-or monolayer-type colonies on laminin, they form three-dimensional clump-type colonies on the MEF feeder (Fig. 1D, right) . However, proliferation of rat GS cells was less efficient on MEFs than on laminin (Fig. 1G) . Under the MEF-based culture, we obtained a few G418-resistant colonies. Given that the . Increase in GS cell numbers after 5 days of culture is shown. J) Large colony formation after 11 days of G418 selection on hypoxic MEFs (right) is shown. Identical GFP-expressing Neo-resistant GS cells (8000 cells), which had been cultured for 7 mo, were mixed with 4 3 10 4 cells/9.4 cm 2 on MEFs and incubated in the presence of G418 under normoxic and hypoxic conditions, respectively. Significantly smaller colonies were formed under normoxic conditions (left). Bar ¼ 100 lm (A-D) and 50 lm (J).
efficiency of G418-resistant colony development was significantly lower, we then used a virus supernatant, which was concentrated by centrifugation, and established 45 clones from ;1.6 3 10 7 cells in 13 experiments. However, Southern blot analysis using a Neo probe showed multiple transgene integrations in all clones (Fig. 1H, left) . This result suggested that only clones expressing the G418-resistant gene at high levels were selected by this method.
Because limited proliferation of GS cells on MEFs reduced drug selection efficiency, we tried to improve the GS cell culture conditions by reducing oxygen levels [22] . The proliferation of rat GS cells was 1.4-fold enhanced within 5 days of culturing on hypoxic MEFs (Fig. 1I) . Hypoxia also improved drug selection efficiency. While the G418-resistant cells formed colonies of moderate size after 11 days of selection under normoxia (Fig. 1J, left) , we observed significantly larger colonies under hypoxia during the same period (Fig. 1J, right) . In contrast, hypoxia did not influence viability of GS cells; viability levels of wt GS cells after 11 days of selection, as assessed by trypan blue exclusion, were 23.7% 6 0.9% (n ¼ 6) and 28.6% 6 3.2% (n ¼ 6) for normoxia and hypoxia, respectively, and the difference was not significant. Under this condition, 50 clones with ;1-2 integrations were reproducibly established from ;4.2 3 10 7 GS cells in 70 experiments by transducing 30 independent GS cell lines (Fig. 1H, right) .
We then examined the efficiencies of growth and drug selection by using several GS cell lines (Fig. 2, A and B) . Although seven GS clones in an SD background appeared morphologically indistinguishable, no clones were established from the two lines. The growth rate of seven GS cell lines also varied, but the growth rate did not correlate necessarily with the genetic selection efficiency. To examine whether the selection efficiency was influenced by the genetic background of GS cells, we established GS cell lines from various strains and compared the efficiencies of growth and genetic selection (Fig.  2, C and D 5 cells/9.6 cm 2 on a laminin-coated dish, and the number of cells after 6 days of culture were counted. Three independent GS cell lines of each strain were examined (n ¼ 10). Asterisks indicate strains that are significantly different from SD (P , 0.05). To determine drug selection efficiency, the number of clones established by infecting 1 3 10 5 cells/3.8 cm 2 GS cells after selection with G418 in at least nine experiments is shown. At least two lines were used in each experiment. 212 but those from other F1 hybrids (SDDonryuF1, BNSDF1, and LewisSDF1) showed limited efficiency. These results suggest that growth speed is not correlated with the genetic selection efficiency.
Offspring Production from Genetically Selected Rat GS Cells
To investigate whether genetically manipulated GS cells maintain the potential to produce normal offspring after drug selection, we injected several clones into seminiferous tubules of busulfan-treated nude mice. At 3-6 mo after transplantation, EGFP-expressing colonies were dissected and used for microinsemination. Round spermatids from clones 886, 1122, and 1176 were recovered from the recipient testes and microinjected into SD oocytes. In total, 2223 oocytes were injected, and 115 offspring were recovered by cesarean section (Fig. 3A ; Table 2 ). Southern blot analysis with Neo probe confirmed germline transmission of transgene (Fig. 3B) .
Although the offspring produced from the GS cells appeared normal, we noted large placentas for several of them. While clones 1122 and 1176 exhibited a normal range of placenta weight (0.95 6 0.22 g, n ¼ 12 for clone 1122; 1.02 6 0.06 g, n ¼ 34 for clone 1176), the average weight of the placentas derived from clone 886 was 1.74 6 0.33 g (n ¼ 12), which was significantly heavier than the control, using fresh wt round spermatids (0.93 6 0.06 g, n ¼ 33 for Wistar; 0.90 6 0.06 g, n ¼ 21 for SD) (Fig. 3 , A and C; and see Supplemental Table S2 ). We also examined the DNA methylation patterns in DMRs of several imprinted genes. Genomic DNAs from GS cells, tails, and placentas of the offspring derived from clone 886 were analyzed by using COBRA. Methylation at the loci of the paternally imprinted H19 and Meg3 genes and maternally imprinted Igf2r, Nnat (formerly Peg5), and Peg10 genes was analyzed. GS cells showed typical androgenetic imprinting patterns, with hypermethylation in the H19 and Meg3 DMRs and hypomethylation in the Igf2r, Nnat, and Peg10 genes, whereas DMR methylation in the tail DNA showed somatic cell imprinting patterns. Although we noted hypermethylation of the Peg10 gene in the placenta in one of the offspring, we did not find apparent abnormalities in other offspring with large placentas (Fig. 3, D and E) . The large-placenta phenotype did not persist in the germline because two of the clone 886-derived male offspring produced normal F2 healthy offspring by microinsemination, and the sizes of their placentas were normal.
Homologous Recombination Using Rat GS Cells
Finally, to examine whether gene targeting technology is applicable to rat GS cells, we constructed a gene targeting vector for Ocln. GS cells established from TgN(act-EGF-P)Osb4 rats were electroporated with the targeting vector (Fig.  4A ) and treated with G418 on a MEF feeder at 7-10 days after electroporation. Immediately after electroporation, 51.4% 6 3.6% (n ¼ 3) of the input cells were recovered, and 86.9% 6 1.8% (n ¼ 3) of them were viable. In total, by transducing 20 independent GS cell lines, 33 clones were established from ;6. (Fig. 4B) , which was confirmed by Southern blotting (Fig. 4C ). These two clones were established from two independent GS cell lines. To produce offspring, these cells were transplanted into busulfan-treated nude mice. Three months after transplantation, EGFP-expressing donor-derived colonies were detected in the recipient testes under UV light (Fig. 4D) . Immunohistological examination showed that EGFP-expressing donorderived germ cells underwent meiosis in the mouse testes, as indicated by the formation of synaptonemal complexes, which were detected by SYCP3 expression (Fig. 4E) .
We collected EGFP-expressing round spermatids and performed microinsemination (Fig. 4F) . A total of 1568 eggs were constructed and transferred into the uteri of pseudopregnant mothers. Although 43 embryos were implanted in the uteri, no offspring were produced from these animals ( Table 3) . To investigate whether genetically selected cells have normal 214 karyotypes, cytogenetic analysis was conducted by using Hoechst 33258 staining. The results showed that clones 886, 502, and 2054 maintained normal karyotype (42 chromosomes) in 20.0%, 12.5%, and 7.5 % of the cells, respectively (Fig. 4G ).
DISCUSSION
In this study, we demonstrated the feasibility of homologous recombination in rat GS cells. Since this technique was first reported in 1985 [33, 34] , it is the most reliable method for introducing site-directed mutations in the genome of the ES cell. The efficiency of homologous recombination varies widely among different cell types and depends on multiple factors, such as the length of homology or method of transfection. For example, the reported frequency of homologous recombination can be very high in ES cells (up to 10 À1 ) but was significantly low in fertilized eggs (1/500 eggs) [35] [36] [37] . These results raise the question as to whether this technique can be used in SSCs, another potential target of germline modification. We demonstrate that the efficiency of homologous recombination in rat GS cells was 4.2%, which is comparable to that in mouse GS cells (1.7%) and in ES cells. Therefore, our study demonstrates that a reasonable level of homologous recombination occurs in rat GS cells for their genetic manipulation.
As with other species, the most difficult part of GS cell derivation is removing testicular somatic cells. In mice, gelatincoated plates are usually used to remove somatic cells for culture initiation [11] . As somatic cells attach firmly to gelatincoated plates, germ cells can be enriched by gentle pipetting. However, a similar approach was not applicable to enrichment of rat germ cells because rat somatic cells proliferate more actively than mouse cells, which interfered with initial germ cell colony development. This problem was resolved by cell sorting or gentle pipetting in previous studies [22, 23] . In this study, we devised the novel method of exploiting serum-free medium and a low-cell-binding plate. Under these conditions, somatic cell proliferation is effectively suppressed during culture initiation. Unexpectedly, germ cells attached loosely to the plate and could be efficiently enriched by removing floating cells. Although cell sorting may be a useful approach for the enrichment of germ cells [23] , it requires time-consuming asceptic cell separation and subsequent expansion of sorted cells. In contrast, the use of a low-cell-binding plate is relatively cost effective and does not harm the cells as much as cell sorting. The attachment of spermatogonia to a low-cell-binding plate is counterintuitive but probably does not involve integrins, because cells can be easily dislodged by gentle pipetting and cell recovery does not require trypsin digestion. The cells still proliferate slowly on the plate and form clusters within several days. This technique has worked well to establish rat GS cell lines from different genetic backgrounds in our laboratory.
Serum greatly influenced the growth of rat GS cells. Although mouse GS cells proliferate efficiently and maintain SSC activity in the presence of 1% serum [11] , this concentration of serum was detrimental for rat GS cells and was reduced to ;0.2%. Perhaps some factors in the serum induce stem cell differentiation, whereas other unknown components are necessary to maintain proliferation. Despite the difference in serum concentration, rat GS cells depend critically on GDNF and FGF2 for continuous proliferation, as with mouse GS cells, and show similar morphology. While the doubling time of mouse GS cells was 5.7 days on the laminincoated dish [16] , that of the rat GS cells was 2.5 days in our study. Previous transplantation studies showed that rat germ cell colonies expand significantly faster than those of mouse in the mouse seminiferous tubule [38] . The higher growth rate of rat GS cells on laminin-coated dishes is consistent with the in vivo observation and suggests that current culture conditions using laminin-coated dishes promote efficient growth.
Although rat GS cells proliferate stably on laminin-coated plates, they do not proliferate well on MEFs (doubling time, 3.9 days in normoxia). This is in contrast to mouse GS cells, which proliferate efficiently on MEFs (doubling time, 2.7 days) [11] . Unfortunately, although culturing on laminin was the most effective way to expand rat GS cells, we were not able to perform drug selection of two-dimensional colonies on laminin-coated plates. Drug selection was possible only with three-dimensional cluster-type colonies on MEFs. Selection under hypoxic conditions enhanced the efficiency of establishing G418-resistant clones. Hypoxia is reported to enhance survival and/or self-renewal of hematopoietic stem cells by stabilizing hypoxia-inducible factor 1 alpha [39, 40] . In another study, hypoxia prevented differentiation of human ES cells, possibly by modifying the growth factor expression pattern [41] . The mechanism of enhancement in genetic selection efficiency of GS cells in current study is unclear but may be caused by similar mechanisms. Although culture under hypoxic conditions achieved a doubling time of 3.3 days, rat GS cells still proliferated more slowly than mouse GS cells, and the colony morphology was less stable on MEFs. To resolve these problems, we tried cocultures with other feeder cells such as rat embryonic fibroblasts, STO, Sertoli cell line 15P1, and others, but we found that MEFs gave the best results in rat GS cell maintenance (our unpublished observation). Further studies are necessary to search for better selection conditions by employing other extracellular matrix or mechanical supports, which may produce three-dimensional clustertype colonies without growth suppression.
Given that we detected a correlation between mouse strains and GS cell growth efficiency [11] , we examined the influence of genetic backgrounds on rat GS cell derivation and drug selection. In mice, the genetic background significantly influenced the efficiency of GS cell derivation and maintenance. Although DBA/2 and ICR are efficient, establishing GS cells from C57BL/6 and 129 mice is difficult or impossible [11] . In contrast, the derivation of rat GS cells was not significantly influenced by the genetic background. GS cells were easily derived from all of the tested backgrounds, and we observed no significant differences in their growth rates or colony morphologies. Despite such similarity, the drug selection efficiency was significantly different among strains. The efficiency levels at which Neo-resistant clones were established in Wistar, BNSDF1, SDDonryuF1, and LewisSDF1 GS cells were low, but we were able to carry out genetic selection more efficiently using GS cells from DonryuSDF1 and WistarSDF1 rats. In mice, inbred strains are known to have more variable biological responses than F1 hybrids [42] . Our results suggest that genetic factors play more important roles in rat GS cells in their response to drug selection.
The most important observation in this study was the decreased germline potential of rat GS cells. While mouse GS cells could produce offspring after 2 yr of consecutive culturing or after genetic selection [13, 17] , only some of the rat GS cell clones were able to undergo germline transmission. Although we obtained offspring from ROSAbetageo virus-infected cells, we were not able to do so from the two clones that underwent homologous recombination. A similar observation was also reported in a recent study using transposon-mediated mutagenesis [24] . In that study, the problem was resolved by taking advantage of Dazl knockdown transgenic rats with decreased HOMOLOGOUS RECOMBINATION IN SPERMATOGONIA spermatogenic potential [43] . Transplanted SSCs were able to compete well with endogenous SSCs, and the recipient rats sired donor-derived offspring. In the current study, we used xenogenic transplantation to produce offspring, due to the instability of rat testes as recipients [44] ; it was reported that a return of endogenous spermatogenesis is essential for reestablishing fertility after transplantation into rat recipients. We have not experienced significant problems with xenogenic transplantation with other donor cell types, but it is possible that germline potential was compromised in mouse testes and that two-targeted clones produce functional sperm if transplanted into Dazl knockdown transgenic rats.
Although it was speculated that the failure to undergo germline transmission might have been caused by the disruption of spermatogenic genes [24] , disruption of Ocln is unlikely to have influenced germline potential. Although homozygous Ocln KO mice are infertile, heterozygous males are fertile, and no defects in spermatogenesis were found [45] ; or rather, our results suggest that abnormal karyotype of the cultured cells is responsible for reduced fertility of the genetically selected cells. We currently do not know the factors directly involved in genetic stability, but we speculate that the low serum concentration might have caused abnormal karyotype. We recently found that mouse GS cells also exhibit reduced germline potential when they are cultured under serum-and feeder-free conditions [46] . The absence of serum not only decreased colony-forming efficiency after transplantation but also reduced the success rate of microinsemination. Although rat GS cells are similar to mouse GS cells in that they require serum, rat cells are more sensitive to serum, which is probably too low to maintain normal karyotype. Considering that a similar observation was also reported for human ES cells [47] , it is possible that serum contains some unidentified factor that maintains chromosomal stability. We are currently improving the rat GS cell culture conditions by modifying the medium composition. In addition, as there are variations among GS cell lines, our results suggest that selection of robust GS cell lines would be necessary for successful germline transmission.
Although some GS cells underwent germline transmission, we also found placentomegaly in the offspring. A similarly large placenta is often associated with nuclear cloning [48] . However, the exact mechanism remains unknown. The abnormal placenta development in our study was likely caused by the in vitro long-term culture because we have not encountered a similar phenomenon when we carried out microinsemination using fresh round spermatids or spermatozoa, including those that were generated in the xenogeneic seminiferous tubules [19, 20] . Although one of the offspring showed hypomethylation in the Peg10 gene (Fig. 3D) , no abnormal methylation was found in other offspring. Nevertheless, abnormal methylation in the Peg10 gene suggests that this placental abnormality was caused by the disruption of other imprinting-related genes, and long-term culture and genetic selection of GS cells might also have induced epigenetic errors. These results suggest that rat GS cells are more vulnerable to stress during in vitro culture than mouse GS cells.
Currently, whether the problems associated with rat GS cells also apply to SSCs from other animal species is unknown. Although SSCs from different animals are being cultured [49] [50] [51] , no attempts at genetic manipulation have been reported. Considering that rat SSCs can proliferate faster than mouse SSCs in vivo in mouse seminiferous tubules after xenogeneic transplantation and that transgenic rats could be produced at a relatively high efficiency after short-term culture of SSCs [20, 43] , one of the obstacles may be due to the suboptimal culture conditions. Future studies must be directed to improve current SSC culture conditions by identifying factors that further facilitate SSC self-renewal.
In vitro expansion of SSCs and their transgenesis is a new approach in germline modification. The successful homologous recombination of rat GS cells provides an important step in extending this technique to rats. However, our study also revealed important problems associated with the genetic manipulation of GS cells that must be overcome to improve this technology. Despite these drawbacks, GS cells have the unique advantage of being able to contribute to the germline without chimera formation, which is a critical step in ES cell technology. Unlike ES cells, the phenotypes of GS cells are relatively stable [13] [14] [15] . Such advantages will allow a different approach. These unique features of SSCs make them an attractive alternative target for germline modification, with the final goal of genetically modifying SSCs from many animal species.
